Abstract: A variety of efficient green, yellow, and amber monochromatic phosphor-converted light-emitting diodes (pc-LEDs) were fabricated by simply capping a long-wave pass filter (LWPF) on top of LED packing associated with each corresponding powder phosphor. In this paper, the luminous efficacy and color purity of two green, three yellow, and two amber pc-LEDs were reviewed by comparing the optical properties and current/temperature stability of each LWPF-capped pc-LED. The simple combination of LWPFs and phosphor materials in the pc-LEDs provide a simple means of addressing the low luminous efficacy problem of III-V monochromatic semiconductor LEDs in the various colors of the wavelength range between green and amber (known as the -green gap‖). This technique also represents a simple approach to mitigate the sublinearity problem of the efficacy versus the driving current occurring at a relatively low current in III-V green LEDs (known as -green droop‖) to the level of a blue LED. This nano-multilayered filter-capped pc-LED can open further research into developing new color-converting materials (such as powder phosphors, and/or quantum dots) to extend the color palette in the wavelength region of the -green gap‖ and to improve the efficacy and color purity of color pc-LEDs. 
Introduction
The beautiful mono-color generation of phosphor-converted light-emitting diodes (pc-LEDs) is relevant when it is realized that the entire palette of colors of phosphors is available in the Commission Internationale d'Eclairage (CIE) chromaticity diagram. Of course, the full spectrum of colors is possible from III-V LEDs and related compounds without phosphors. However, there are a number of problems associated with several of the monochromatic LEDs from this source: First, it has proven to be difficult to achieve reasonable efficiency for emission in the deep green to amber region of spectrum between 510 -610 nm. This is well known as the -green gap‖ or -yellow gap‖ problem, and it impedes the use of efficient deep green, yellow, or amber color from a direct emissive LED [1] [2] [3] . Second, the poor working lifetime of some LEDs with green or amber emission wavelengths leads to different aging characteristics of different colors while white light or mixed color is created through a combination of the light of several colored LEDs [4, 5] . Third, there is a large temperature or current dependence of the emission wavelength of some deep green or amber LEDs [6, 7] . As is well known, these problems can be easily addressed through the use of pc-LEDs by combining a blue InGaN LED and blue excited phosphors [8, 9] . InGaN-based blue LEDs showed greater external quantum efficiency and better thermal or current dependence compared to both InGaN-based deep green and AlGaInP-based amber LED. Phosphors also show high quantum efficiency, even at elevated temperature on the surface of LEDs, as well as high chemical and thermal stability. Even if the blue InGaN LED emission undergoes a wavelength shift with the current or temperature, the wide excitation band of various LED phosphors can span the change. Hence, the emission band of LED phosphors is not wavelength-sensitive or at least much less so than that of the LED.
Very recently, two types of ‗full' down-conversion approaches were suggested by MullerMach et al. [10] and by the authors [11] in an effort to address problems with low LED performance and temperature and current dependence at wavelengths in the amber region. Muller-Mach et al. introduced an innovative idea to close the -green gap‖ problem using a densely sintered translucent ceramic of (Ba,Sr) 2 Si 5 N 8 :Eu amber phosphor. They used new morphology of sintered ceramic phosphors to block the transmitted blue LED light passing through phosphor layers and reduce the scattering loss of powders. However, there are only a few available sintered ceramic phosphors that can be excited efficiently by blue LEDs in the present. Meanwhile, we suggested amber light pc-LEDs using Eu-doped silicate powder phosphors in association with a blue-mirror-yellow-pass filter (long-wave pass filter, LWPF). A modified quarter-wave type of LWPF consisting of nano-multilayered film was simply introduced on top of an amber phosphor-coated InGaN-based LED die to block and recycle unabsorbed transmitted blue emission to create a highly efficient amber monochromatic LED [11] . This concept can be easily enlarged to create a variety of monochromatic color LEDs because there are a large number of powder phosphors or quantum dots in the present market or in research labs use well-established technology.
In a conventional approach for obtaining full down-conversion color using blue-excited pc-LEDs coated with powder-based phosphors, the phosphor layer should be thick and highly concentrated to block the unabsorbed blue emission from the pc-LED [11] . This approach is hampered by low phosphor conversion efficiency due to the additional scattering associated with the high concentration of the phosphor content in the paste. As previously reported, the simple capping of a pc-LED by a LWPF enhances the emission output and color purity from the pc-LED due to the recycling and blocking of blue light. In addition, the low concentration phosphor of optimum LWPF-assisted pc-LED results in reducing scattering loss from the phosphor layer. Therefore, an efficient LWPF-assisted monochromatic pc-LED displays a color point which is dependent on the material type of the phosphors even with a low concentration of the phosphors in paste. Given the present state of technology and the current publications, there are many possible phosphor or quantum dot candidates that cover the colors in the wavelength range between green and amber [12] [13] [14] [15] [16] [17] [18] . Among them, several potential green/yellow/amber phosphors were selected and tested as to whether they could be applied into various monochromatic pc-LEDs capped with LWPFs. As shown in the schematic diagram of the LWPF-capped pc-LEDs in Fig. 1 , various colored pc-LEDs were fabricated by dropping the same amounts of each phosphor pastes at an optimum concentration onto a cup-type blue LED. To display the realization of monochromatic pc-LEDs, the luminous efficacy, CIE color coordinates and color purities of various monochromatic pc-LEDs were reviewed using various powder phosphors associated with LWPFs. Furthermore, the current and temperature-dependence of the luminous efficacy of green/yellow/amber pc-LEDs capped with LWPFs were compared. In so doing, the different sub-linearity problem of the efficacy versus the driving current between III-V blue, green, yellow and amber LEDs was addressed (known as the -different current droop‖) [19, 20] . Finally, further research into attaining the requirements of powder-based phosphors that can be utilized with high-quality monochromatic pc-LEDs was discussed. This straightforward concept of monochromatic pc-LEDs can open research and development areas related to the production of new color-converting materials to be used in green/yellow/amber phosphors and new types of omnidirectional reflective (ODR) filters or 1D/3D photonic crystal filters which function as blue-mirror-yellow-pass filters.
Experimental methods
Two types (L1 and L2) of dielectric LWPFs were fabricated on glass substrates. For the fabrication of the LWPF stacks, terminal eighth-wave thick TiO 2 (L1: 25 nm, L2: 26 nm) and quarter-wave thick SiO 2 /TiO 2 (L1: 73/50 nm, L2: 73/52 nm) nano-multilayered films were coated onto a glass substrate by e-beam evaporation at 250°C. The base pressure in the ebeam chamber was fixed at 4.0 x 10 5 torr. The deposition was performed at an acceleration voltage of 7 kV with an oxygen partial pressure of 1.9 x 10 4 torr. The refractive indices (n) and extinction coefficients (k) of the e-beam evaporated SiO 2 and TiO 2 films were measured using a spectroscopic ellipsometer (Sentech, SE800). The detailed wavelength dispersion characteristics of the n and k values of the as-grown SiO 2 and TiO 2 films were reported previously by the authors [21, 22] . These measured n and k values were used to simulate the reflectance (R), transmittance (T), and absorption (A) in the design of the various types of LWPFs. For the design of the LWPF multilayer films for the blue-excited pc-LEDs, the characteristic matrix method was used to simulate the reflectance (R), transmittance (T), and absorption (A) of the optical structure of LRF stacks [23, 24] . In the simulation, the thicknesses of the high-index (TiO 2 ) and low-index (SiO 2 ) films were varied to tune the spectral position of the reflectance band. In this publication, two different types of LWPFs (L1 = 510 and L2 = 530 nm at the band-edge of the long-wavelength) were fabricated as capping filters to analyze the effect of LWPF films on the forward emission of pc-LEDs with various green, yellow and amber phosphors. The basic structure and SEM/TEM image of modified quarter-wave stacks of nano-multilayered film ([0.5TiO 2 /SiO 2 /0.5TiO 2 ] m with m = 9, eighth-wave high-index TiO 2 (0.5H), and quarter-wave low-index SiO 2 (L) and high-index TiO 2 (H)) were used for the LWPF in this study. As shown in Fig. 1 . TEM images clearly indicated that this sequence simply entails the addition of a pair of eighth-wave layers of high-index TiO 2 layers to the quarter wave stack, one at each end. The TEM images also confirm that the slight difference of the long-wavelength edge of the reflectance band was tuned by controlling the thicknesses of the high-and low-index multilayer.
To fabricate the pc-LEDs, a blue chip (λ max = 445 nm) was used simultaneously as a blue light source and an excitation source for the various color phosphors of pc-LEDs. Blue, green and amber monochromatic LED chips were purchased from Alti-semiconductor Co. Ltd. Two green, three yellow, and two amber powder phosphors were also used in this experiment. SrGa 2 S 4 :Eu (G2) green and (Sr,Ba,Ca) 3 SiO 5 :Eu (A1) amber phosphors were synthesized in our lab through a solid-state reaction. The synthetic procedures followed the procedures detailed in a previous publication by the authors [13] and by Park et al [16] . The other powder phosphors were obtained from several phosphor companies. Those commercialized phosphors were not optimized phosphors for the LWPF-capped monochromatic pc-LEDs investigated here, as the seven powder phosphors used in this experiment were optimized for application into white pc-LEDs. Optimum amounts of each color phosphor were dispersed in a silicone binder, and the same amounts of the resulting phosphor pastes were dropped onto a cup-type blue LED to create the different color pc-LEDs. On top of the various color pc-LEDs, a LWPF-coated glass substrate was attached with an air gap.
The forward emissions of the emission spectra from seven different powder phosphors, III-V blue, green, amber LEDs, blue-excited pc-LEDs and blue-excited LWPF-capped monochromatic pc-LEDs were measured in a normal direction or an integrated sphere using a spectrophotometer (PSI Co. Ltd., Darsar). The luminous efficacy and quantum efficiency were defined as the brightness and the integrated emission spectra of both the phosphorcoated conventional and LWPF-assisted pc-LEDs, respectively, at a constant current or power. The external efficiency and color purity of the various LWPF-coated color pc-LEDs were compared with the current at optimum phosphor concentrations. The transmission and diffusive reflectance spectra of the LWPFs were measured using a UV/Visible/Near IR spectrophotometer (Varian, Carry 5000). The transmission spectra were made at normal incidence to the surface of LWPFs on glass substrates and the diffusive reflectance spectra were measured at normal incidence with an integrating sphere. The thicknesses and crosssectional images of the LWPFs on glass substrates were determined by field emission-type scanning electron microscopy (FE-SEM) (JSM 7401F, JEOL) operated at 10 kV and by transmission electron microscopy (TEM) (JEM2100F, JEOL). 
Results and discussion
Figure 2(a) shows the photoluminescence (PL) spectra excited by blue light and Table 1 summarizes the optical properties of various phosphor candidates for application into monochromatic pc-LEDs. Although they are not the best phosphor candidates for this purpose, they are well known for their application to white pc-LEDs. Most widely used phosphors in white pc-LEDs for lighting applications were developed to have a broad spectrum ( Fig. 2(a) ) to enhance the color rendering index (CRI) [25] . The narrow spectrum of phosphors is more apt to reach a high level of color purity for application into monochromatic pc-LEDs. Nonetheless, various monochromatic pc-LEDs were fabricated using two green, three yellow and two amber phosphors of the type available in market or that could be synthesized in a lab to compare their optical properties when applied to monochromatic pc-LED with a LWPF. As previously reported in the optimization process of one amber powder phosphor (A1 phosphor in this experiment) for application into an amber pc-LED [11] , different optimum concentrations of each phosphor were determined, as shown in Table 1 . The reflectance spectra of the two LWPFs showed that the emission band of the blue InGaN LED at a shorter wavelength can be overlapped with the reflection bands of the LWPFs at a shorter wavelength (Fig. 2 (b) ). The transmittance of the various blue-excited phosphors at the wavelength region between green and amber continuously exceeded 90%. In this publication, two different types of LWPFs (L1 = 510 and L2 = 530 nm at the band-edge of the longwavelength) were fabricated as capping filters to be applied into various colored monochromatic pc-LEDs with the appropriate combination of each LWPF and corresponding phosphor. The long-wavelength edges of the high-reflectance band of the selected LWPFs for each color are displayed in Table 2 . The relative external quantum efficiency and relative luminous efficacy were compared with Blue LED. The luminous efficacy was measured at equal power (at 100mA). As shown in Fig. 3 (a)-3(g), the concentration of the phosphors in each LWPF-capped pc-LED was carefully selected to guarantee the maximum level of luminous efficacy and color purity similar to that of the corresponding phosphor. The electroluminescence (EL) spectra of seven different colors of LWPF-capped pc-LEDs are also shown in Fig. 3(h) . The peak maximum EL wavelengths from various LWPF-capped pc-LEDs nearly coincide with the PL wavelengths from seven powder phosphors under excitation at 450 nm ( Fig. 2(a) ). There were very few peaks observed in the blue region of each spectrum of all LWPF-capped pc-LEDs in this study due to the blocking and recycling of the pumping blue light by a capped LWPF. A variety of pure colors between green and amber can be obtained by varying the type of phosphor material in the LWPF-capped pc-LEDs.
To investigate the suitability of fabricating monochromatic pc-LEDs from corresponding phosphors, the optical properties of full down-converted LWPF-capped pc-LEDs were also summarized, as shown in Table 2 . Except for bluish green color (G1), the peak wavelength, color coordinates and color purities of other monochromatic pc-LEDs are close to those of the corresponding phosphors summarized in Table 1 . The color deviation of the G1 green pc-LED from Eu-doped orthosilicate-based green phosphor results from the partial filtering of the transmitted blue passing through the phosphor layer due to the closeness between the blue emission peak of the InGaN LED and the green emission of the orthosilicate-based phosphors. Tables 1 and 2 . The introduction of a LWPF converts the mixed whitish colors of all types of pc-LEDs to monochromatic colors at an optimum concentration of phosphors. These images and color purities also confirm that various monochromatic colors of LWPF-capped pc-LEDs are well matched with those of the corresponding powder phosphors. In the green regions, the relatively low color purity of the phosphors creates the low color purity of the color LWPF-capped pc-LEDs. For further advancement of the color purity of green pc-LEDs, it is necessary to develop color-conversion materials with a narrow bandwidth of the emission spectrum. From a scientific perspective, semiconductor quantum dots having a narrow bandwidth may be good candidates for color-converting materials in monochromatic LWPF-capped pc-LEDs to obtain high purity green color [17, 18] .
As previously reported, the highest efficacy can be attained in a LWPF-capped pc-LED with an optimum concentration of each phosphor owing to the reduced scattering loss of powder phosphors at a relatively low powder concentration and due to the recycling of the reflected blue light by the LWPF [11] . Moreover, the superior performance of the monochromatic the LWPF-capped pc-LED was reported to relative to that of a direct emitting pc-LED with a highly concentrated phosphor. Figure 5 (a) compares the efficacy stability of different colors LWPF-capped pc-LED with the temperature. The silicate-based green (G1) and yellow (Y1) pc-LEDs show a bad temperature dependence of color and luminous efficacy. Among them, the thiogallate-based green (G2) LWPF-capped pc-LED showed moderate dependence and the silicate-based amber (A1, A2) and oxynitride-based yellow (Y2) LWPF-capped pc-LEDs show a good dependence. The variation of the temperature stability among the different colored pc-LEDs is due to the different temperature stability values of each corresponding phosphor and the phosphor concentration. As previously reported [26, 27] , the different phosphor materials show different thermal quenching phenomena (See the Fig. 5(b) ) and the highly concentrated phosphor paste is more rapidly quenched due to the increased ambient temperature compared to the less concentrated paste (as shown in the inset of Fig. 5(a) ). Therefore, the different and complicated stability trend of monochromatic LWPF-capped pc-LEDs depends mainly on both the material type of the phosphor in the pc-LED and the phosphor concentration the in paste. Fig. 5(d) shows that the current stability values of LWPF-capped pc-LEDs are not better than those of InGaN-based pump LEDs; however, they continue to display a trend similar to that of the blue pump LED. This indicates that LWPFcapped pc-LEDs may have nearly similar current stability compared to the wide variation of current stability among blue/green/amber monochromatic III-V LEDs that do not contain phosphors. In particular, it is a well-known phenomena that sub-linearity of the efficacy versus the driving current occurs at a lower level for a green InGaN LED (530 nm; above ~2 mA) compared to a blue InGaN LED (450 nm; above ~10mA). This is known as the -green droop‖ [19, 20] . The similar current stability of a green/yellow/amber pc-LED with a LWPF can makes it possible to address the different current-dependence problems of various colored semiconductor LEDs as well as the green droop issue at a low driving current.
We also compared the equal-power luminous efficacy of full down-conversion green (G2)/amber (A1) LWPF-capped pc-LEDs to that of green/amber monochromatic III-V LEDs as a function of the driving current to address the superior optical properties of an LWPF capped pc-LED compared to those of a direct monochromatic LED that does not incorporate phosphors. Figures 6(a) and 6(b) show that the luminous efficacy ratings of the green and amber LWPF-capped pc-LED are higher than the efficacy of a corresponding green and amber monochromatic LED over the actual range of current used in practical applications (green: 5 ~300 mA, amber: 0.5 ~300 mA). The luminous efficacy of the full down-conversion green/amber LWPF-capped pc-LED and the green/amber monochromatic LED is 82.7/36.8 and 52.7/34.7 lm/W at 100 mA, respectively. The measured luminous efficacy ratings of the green and LWPF-capped pc-LED are 2.25 and 1.52 times higher than that of a direct-emitting green and amber LED without the use of phosphors. As shown in Fig. 6 and Table 2 , seven different colored LWPF-capped pc-LEDs show efficient performance compared to green and amber III-V LEDs without the use of phosphors. There are critical factors for determining the luminous efficacy of monochromatic LWPFcapped pc-LEDs. Of course, the performance of full down-converted LWPF-capped pc-LEDs increase with an increase in the performance of the InGaN-based pump LED. In addition, the performance of pc-LEDs depends directly on the quantum efficiency and packaging efficiency of each phosphor used in the pc-LEDs. Despite the fact that both efficient pumping blue LED and color-converting phosphor are combined, the possible loss of emission light from the phosphor layers should be reduced to produce efficient color pc-LEDs. For the purpose of decreasing the scattering loss and backward emission loss of the phosphor layers, many optical structures and phosphor morphologies in pc-LED coated paste have been suggested for use with white pc-LEDs [28] [29] [30] . Therefore, the effective combination of the efficient architecture of a blue pump LED, efficient phosphor materials and an optical structure of phosphor layers can be selected in future works to maximize the luminous efficacy and current/temperature stability of color LWPF-capped pc-LEDs.
Conclusions
Although the best architecture of pump LED, the highest efficient phosphor, or the best optical structure of the phosphor layer were not used in this experiment, this simple combination of a pc-LED and a LWPF nano-multilayered film represents a simple means of realizing the entire palette of colors in the CIE chromaticity diagram from efficient full downconverted, mono-chromatic LEDs given the availability of color-converting materials such as powder phosphors or quantum dots. The colors, performance levels, current-stability and temperature-stability data of the green, yellow and amber pc-LEDs as assessed here confirm that the concept of monochromatic LWPF-capped pc-LEDs can be enlarged to develop any color of efficient LED in the wavelength ranges in the green gap or the yellow gap of LEDs using powder phosphor or quantum dots. This paper simply reviewed the basic concepts for the realization of green, yellow, and amber colors using facile LWPF-capped pc-LEDs. Much more elaborate work remains to be done to determine the optimum phosphor material and morphology for a highly efficient monochromatic LWPF-capped pc-LED in the green gap, taking into account the development of new types of highly efficient color-converting materials and including an efficient combination of a blue pump LED, a phosphor layer and a LWPF coating in an achievable technique.
